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Model pre-mRNAs containing two introns and three exons, derived from the human I8-globin gene, were
used to study the effects of internal exon length on splice site selection. Splicing was assayed in vitro in HeLa
nuclear extracts and in vivo during transient expression in transfected HeLa cells. For substrates with internal
exons 87, 104, and 171 nucleotides in length, in vitro splicing proceeded via a regular splicing pathway, in
which all three exons were included in the spliced product. Primary transcripts with internal exons containing
23, 29, and 33 nucleotides were spliced by an alternative pathway, in which the first exon was joined directly
to the third one. The internal exon was missing from the spliced product and together with two flanking introns
was included in a large lariat structure. The same patterns of splicing were retained when transcripts
containing 171-, 33-, and 29-nucleotide-long internal exons were spliced in vivo. A transcript containing a
51-nucleotide-long exon was spliced in vitro via both pathways but in vivo generated only a correctly spliced
product. Skipping of short internal exons was reversed both in vitro and in vivo when purines in the upstream
polypyrimidine tract were replaced by pyrimidines. The changes in the polypyrimidine tract achieved by these
substitutions led in vitro to complete (transcripts containing 28 pyrimidines in a row) or partial (transcripts
containing 15 pyrimidines in a row) restoration of a regular splicing pathway. Splicing in vivo of these
transcripts led exclusively to the spliced product containing all three exons. These results suggest that a balance
between the length of the uninterrupted polypyrimidine tract and the length of the exon is an important
determinant of the relative strength of the splice sites, ensuring correct splicing patterns of multiintron
pre-mRNAs.

There are four sequence elements within introns of mam-
malian pre-mRNAs which are required for efficient splicing.
These are the conserved sequence at the 5' splice junction,
the invariant AG dinucleotide at the 3' splice junction, a
weakly conserved sequence at the site of lariat formation,
called the branch point sequence, and a pyrimidine-rich
region of variable length between the branch point and the 3'
splice junction, referred to as the polypyrimidine [poly(Y)]
tract (for reviews see references 20, 32, 43). The importance
of these elements has been shown experimentally in a
number of studies employing pre-mRNAs containing point
mutations or deletions within existing sequences (1, 37, 41,
49, 51, 53). Although important, the four sequence elements
seem insufficient to account for the high specificity of the
splicing reaction. Similar sequence motifs, termed cryptic
splice sites, are present in many regions throughout pre-
mRNAs and yet are not recognized under normal conditions
(31), whereas in transcripts bearing point mutations or
deletions within natural elements, such sites can be activated
(1, 37, 50, 53). Furthermore, in multi-intron primary tran-
scripts, the mechanism of splice selection must ensure
correct pairing of splice sites since recognition of the 5'
splice site from one intron and the 3' splice site from a
distant one would result in exon skipping and subsequent
deletion of genetic information. The complexity of this
mechanism is compounded by the existence of alternative
splicing. This process leads to the generation of different
protein isoforms from the same primary transcript by alter-
native selection of splice sites in a tissue-specific or devel-
opmentally controlled manner (reviewed in references 3 and
25). Therefore, the mechanism of splice site selection, while
maintaining the high specificity which allows it to ignore
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cryptic splice sites and choose correct pairs of 5' and 3'
splice sites, must remain flexible enough to distinguish
between two alternative splice sites, depending on the phys-
iological or developmental state of the cell.
The mechanism of splice site selection in transcripts

allowing for cis competition between duplicated splice sites
was investigated in several studies. It was found that the
selection of 5' splice sites depended mainly on the degree of
their complementarity to the appropriate Ul small nuclear
RNA sequences (24, 30, 55, 56). The distance between the
duplicated 5' splice sites was also shown to affect their
selection (38). For the selection of 3' splice sites, the
sequence compositions of the branch point (and its comple-
mentarity to U2 small nuclear RNA) (39, 54, 57) and of the
poly(Y) tract (11, 13, 36) were found to be important.
Furthermore, in certain instances, including physiological
alternative splicing, the context of 5' and 3' splice sites, i.e.,
the sequences of adjacent exons, seemed to affect splice site
selection (12, 38). The role of exons in splicing was previ-
ously suggested by the results from this (14, 15) and other
(33, 52) laboratories which showed that monointronic tran-
scripts containing a short downstream exon were spliced in
vitro very inefficiently.

In most of the studies cited above, duplicated splice sites
at one end of a single intron competed for a single splice site
at the other end. In this work, we have constructed a set of
model transcripts containing two introns and three exons,
with the length of the internal exon ranging from 23 to 171
nucleotides. Such transcripts contain two donor and two
acceptor splice sites available for competition and approxi-
mate more closely natural multi-intron pre-mRNAs. By
testing in vitro and in vivo splicing of these transcripts, we
have found that the length of the internal exons plays an
important role in splice site selection. Transcripts with an
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FIG. 1. Structures ofDNA templates used for SP6 transcription.
Boxes, exon sequences; lines, intron sequences. Numbers indicate
the sizes of exons in nucleotides; both introns in all constructs are
130 nucleotides long. 5' and 3' splice sites in either the upstream (U)
or downstream (D) introns are indicated. The first exon in clone
DUP171 and in all of its derivatives is 4 nucleotides longer than the
corresponding exon in pSP64HBA6 as a result of removal of the
NcoI site by filling in the ends with Klenow polymerase. For
transcription with SP6 RNA polymerase, all templates were linear-
ized at the BamHI site.

internal exon over 51 nucleotides in length display regular
splicing pathways in which three exons are included in the
spliced product. In contrast, internal exons 33 nucleotides
long or shorter are almost completely ignored, leading to
exon skipping as the main splicing pathway.
We have found also that skipping of the short internal

exons can be reversed in vitro and in vivo when single
purines in the poly(Y) tracts of the upstream introns are
replaced by pyrimidines. The increased length of uninter-
rupted poly(Y) tracts achieved by these substitutions appar-
ently led to improved recognition of the internal splice sites
and restoration of the regular splicing pathway. These re-
sults suggest that one of the important parameters that
governs splice site selection in multi-intron pre-mRNA is
determined by the relationship between the length of the
exons and the nature of the upstream poly(Y) tracts.

MATERIALS AND METHODS

Construction of plasmids. All plasmid manipulations were
carried out according to standard methods (26). For con-
struction of clone DUP171, the SphI-AvaII restriction frag-
ment of pSP64HBA6 (21), containing the SP6 promoter, the
whole first exon, first intron, and 23 nucleotides of the
second exon of the human ,-globin gene was ligated with the
large fragment of the same plasmid cut with restriction
enzymes SphI and HindIII. Prior to ligation, the NcoI site in
the plasmid was destroyed by filling in the ends with Klenow
polymerase. The structure of the resultant construct is
shown in Fig. 1. Clones DUP23, DUP29, DUP51, DUP87,
and DUP104 were obtained by Bal 31 nuclease digestion of
plasmid DUP171 linearized at the NcoI site in the internal
exon. For construction of clone DUP33, Bal 31 nuclease
digestion was followed by blunt-end ligation in the presence

of NcoI linker to retain this site. The structure of each
construct (Fig. 1) was confirmed by sequencing. DNA clones
used for in vivo studies were constructed by inserting into
the HindlIl site of the clones described above a BamHI-
Sau3A fragment of plasmid pHD1012 (8). This fragment
carries an immediate-early promoter of human cytomegalo-
virus and ends 2 nucleotides downstream of the initiation of
transcription site. The original, P-globin polyadenylation
signal was positioned 25 nucleotides downstream from the
BamHI site located in the third exon of each of the con-
structs. The details of plasmid constructions are available on
request.

Site-directed mutagenesis. To introduce single-base substi-
tutions within the poly(Y) tract, site-directed mutagenesis
was carried out as described elsewhere (22). One microgram
of uracil-containing single-stranded DNA and a 10-fold mo-
lar excess of mismatched oligonucleotide were used to
promote the synthesis of a new strand with Sequenase
version 2.0 polymerase (U.S. Biochemical). All resulting
mutants were derivatives of clone DUP33, which because of
a unique NcoI restriction site in the internal exon allowed
separation of both duplicated halves of the construct. This,
in turn, facilitated introduction of point mutations into only
one of the two identical introns. The following oligonucleo-
tides were used (written in the 5'-to-3' orientation):

GGTGGGAAAAAAGAGAAAAAGGGAGAGAGAGTC (DUP33Y5)
GGTGGGAAAAGAGAAGAAGAGGAAAGAGAGAGTC (DUP33Y5')
GGTGGGAAAAGAGAAGAATAGGCAGA (DUP33Y3)
AATAGACCAAGAGGAAGAGAGAGTC (DUP33Y2)
AGCCTAAGGGGGGGAAAATAG (DUP33Y1)

Sequences of the mutated poly(Y) tracts are shown in Fig.
7A.

In vitro transcription and splicing. 32P-labeled transcripts,
capped at the 5' end, were obtained by using SP6 RNA
polymerase (Promega) and DNA templates truncated at the
BamHI site, as previously described (18). In vitro splicing
was carried out in the nuclear extract from HeLa cells (9, 21)
as described elsewhere (14). The RNA from the reaction was
purified by phenol extraction followed by ethanol precipita-
tion and analyzed by electrophoresis on an 8% polyacryl-
amide sequencing gel.

Transfection of HeLa cells and isolation of the cellular RNA.
About 107 HeLa cells from suspension culture grown in
Joklik's modified minimal Eagle's medium, containing kana-
mycin and gentamicin and supplemented with 5% horse
serum (Flow Laboratories, Inc.), were mixed with approxi-
mately 30 ,ug of DNA in a total volume of 0.5 ml. Electro-
poration was carried out as described previously (35). After
treatment, the cells were transferred to a 100-mm Falcon
3003 tissue culture dish and grown in the same medium for 40
to 48 h. RNA was isolated by the guanidinium-cesium
chloride method as described previously (26). About 50 ,ug of
cellular RNA was obtained from cells harvested from a
single dish.
Primer extension and sequencing. For primer extension

analysis, a 25-mer oligonucleotide, complementary to nucle-
otides 76 to 100 in the second exon of the human ,B-globin
gene, was used. Approximately 30 jig of total RNA from
transfected HeLa cells and 20 to 50 ng of the primer labelled
at the 5' end by polynucleotide kinase (200,000 cpm) were
annealed for 30 min at 65°C and then for 3 h at 45°C in a
buffer containing 50 mM Tris-HCI (pH 8.3), 75 mM KCI, 10
mM dithiothreitol, and 3 mM MgCl2. The reaction mixture
was then supplemented with deoxynucleotide triphosphates
to a final concentration of 0.2 mM and with 200 U of
Moloney murine leukemia virus reverse transcriptase (Be-

MOL. CELL. BIOL.



SKIPPING OF SHORT INTERNAL EXONS 6077

A L

min. 40 60 80 1 00

_- --._m0_ _ -D() (4)

__m m m (799)
-am -EandG (669)

am -LZ[1 (539)
-E--H (494)
-C (459)

_ -E (364)
- -H (329)

D

r .-I~= =

l- (154)

spliced
product

F

1 2 3 4 5

FIG. 2. (A) Time course of the in vitro splicing reaction for DUP171 pre-mRNA. A 799-nucleotide-long substrate was incubated with HeLa
cell nuclear extract for the times indicated at the top and analyzed on an 8% polyacrylamide sequencing gel. As a control, in vitro splicing
of HBA6 pre-mRNA was carried out (lane 5). Sizes (in nucleotides) and structures of all final products are depicted on the right. All
intermediates generated during the reaction are designated by capital letters and appropriate size. The structures of all of the products and
intermediates are illustrated in panel B. An asterisk denotes aberrant electrophoretic mobility of lariat-containing intermediates. (B) Predicted
splicing pathway for a three-exon pre-mRNA proceeding by correct pairing of splice sites. Intermediates of the reaction are designated by
capital letters. The same designations are used in Fig. 2A, 3, 5, and 7B.

thesda Research Laboratories) and incubated at 40°C for 60
min (total volume, 40 ,ul). The samples were treated with
RNase A (30 jig/ml) for 10 min at 37°C, extracted twice with
phenol, and ethanol precipitated. Products of primer exten-
sion were analyzed on 8% sequencing polyacrylamide gels.
A similar protocol was used for the sequencing of SP6
transcripts and splicing products generated during transient
expression in HeLa cells except that Moloney murine leu-
kemia virus reverse transcriptase was replaced with 20 U of
avian myeloblastosis virus reverse transcriptase (Life Sci-
ences) and appropriate dideoxynucleotide triphosphates
were added at a concentration of 40 ,uM to each termination
reaction.

RESULTS

In vitro splicing of pre-mRNAs with short internal exons.
Plasmid pSP64HBA6 (hereafter referred to as HBA6), carry-

ing the human P-globin gene under the control of the SP6
promoter (21), was modified by duplication of the globin
segment spanning the first intron and adjacent sequences of
both flanking exons. The resultant plasmid, DUP171, con-
tained two identical introns and a 171-nucleotide-long central
exon, composed of sequences from exon 1 and exon 2.
Internal deletions originating at the unique NcoI site in the
internal exon of clone DUP171 were used to generate a set of
nested clones with the internal exons ranging in size from

104 to 23 nucleotides (Fig. 1). After cleavage at the BamHI
site, all plasmids were transcribed by SP6 RNA polymerase
and the pre-mRNA transcripts were spliced in the nuclear
extract from HeLa cells. It is important to note that as a

consequence of the duplication step, all four splice sites, as
well as their immediately adjacent sequences, were the same
in all of the pre-mRNAs studied. Thus, the competition
between splice sites was not biased by their preexisting
context and was affected solely by the introduced sequence
modifications.

Figure 2A presents a time course of in vitro splicing for
pre-mRNA transcribed from the parental clone DUP171.
The reaction follows a regular pathway, and the final product
consisting of three spliced exons accumulates in high
amounts after 100 min of incubation. The number of RNA
bands generated during splicing of this pre-mRNA and the
rate of their migration correlate well with the electrophoretic
properties of the intermediates and final products predicted
for the regular splicing pathway of a two-intronic pre-
mRNA. Their structures are shown in Fig. 2B.

In vitro splicing of pre-mRNA transcribed from clone
DUP51, containing a 51-nucleotide-long internal exon, gen-
erated the final product containing three exons and, in
addition, approximately 20 to 25% of the product in which
the internal exon had been skipped (Fig. 3). This is shown by
the comigration of the latter product with the spliced product
for monointronic HBA6 pre-mRNA (Fig. 3, lane 5). Skipping
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FIG. 3. Time course of the in vitro splicing reaction for DUP51
pre-mRNA. A 679-nucleotide substrate was spliced in vitro and
analyzed as described for Fig. 2A. The products and intermediates
are indicated on the right. The final product generated by skipping of
the internal 51-nucleotide exon is indicated by its comigration with
the final, 364-nucleotide-long product of in vitro splicing, obtained
for HBA6 pre-mRNA (lane 5). The actual length of the skipping
product is 368 nucleotides, as explained in the legend to Fig. 1.

of the internal exon is also indicated by the appearance at the
top of the gel of bands migrating at a much slower rate than
the input pre-mRNA and other intermediates. Such a low
electrophoretic mobility can be explained by the formation
of large superlariats containing both introns and the skipped
internal exon, as depicted on the right in Fig. 3. The
structures of the superlariats were confirmed by primer
extension and debranching analysis (42). The branch of the
lariats is located within the downstream intron at the regular
position 37 nucleotides upstream from the 3' splice site
(results not shown).

Skipping is the predominant reaction for pre-mRNA tran-
scribed from clone DUP23, containing a 23-nucleotide-long
internal exon (Fig. 4). The pattern of splicing for this
transcript becomes very simple, lacking most of the inter-
mediates and products seen in Fig. 2A, with the final spliced
product comigrating with the product of splicing for
monointronic HBA6 pre-mRNA (Fig. 4, lane 5). Skipping of
the internal exon is also indicated, as in the case of DUP51
pre-mRNA, by the existence of slowly migrating large su-
perlariat structures.
The results described above suggest that the length of the

internal exon affects the course of the splicing reaction
leading to alternative selection of splice sites. To investigate
this effect in more detail, we extended the range of tested
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FIG. 4. Time course of the in vitro splicing reaction for DUP23
pre-mRNA. A 651-nucleotide-long substrate was spliced in vitro and
analyzed as described for Fig. 2A. Structures and sizes (in nucleo-
tides) of the intermediates and products generated by this pathway
are depicted on the right. Other designations are as described for
Fig. 2.

substrates to include transcripts containing internal exons
104, 87, 33, and 29 nucleotides long. Analysis of in vitro
splicing of all pre-mRNAs, including those tested previ-
ously, is presented in Fig. 5. The transcripts containing
internal exons 171, 104, and 87 nucleotides long are spliced
by a pathway that generates only a fully spliced product
containing all three exons (Fig. 5, lanes 1 to 3, respectively).
As shown above (Fig. 3), splicing of DUP51 pre-mRNA
generates two spliced products (Fig. 5, lane 4), whereas
splicing of pre-mRNAs with shorter exons, i.e., 33, 29, and
23 nucleotides long, leads predominantly to exon skipping
(Fig. 5, lanes 5 to 7, respectively). Note the existence of a
band that migrates above (lanes 2 and 3) or below (lane 4)
band C. Its unusual electrophoretic mobility, different for
each clone tested, indicates a lariat intermediate, containing
the first intron and the internal exon of variable length. This
intermediate is generated when cleavage at both 5' splice
sites occurs simultaneously. This observation is consistent
with earlier work (7).

Splicing of pre-mRNAs with short internal exons during
transient expression in HeLa cells. Several reports showed
that patterns of splicing in vitro and in vivo may differ
significantly (1, 10, 44, 45) and that splice site selection in
vitro may be affected by the concentration of the nuclear
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FIG. 5. In vitro splicing of pre-RNAs with internal exons 23 to
171 nucleotides long. All transcripts were spliced in vitro for 100 min
and analyzed on an 8% polyacrylamide sequencing gel. Descriptions
on the left indicate the splicing products and intermediates for
DUP171 pre-mRNA; those on the right are for control, HBA6
pre-mRNA and for superlariats generated as a result of exon
skipping. The name of each transcript above the lanes indicates the
length of the internal exon in each pre-mRNA. Sizes are indicated in
nucleotides.

splicing extract (19, 38). Thus, it was important to ascertain
that the exon skipping described above is not an aberrant
effect of in vitro splicing.
Three different clones, DUP171, DUP23, and DUP51,

representing three modes of splicing (exon inclusion, exon
skipping, and both pathways combined, respectively) were
reconstructed (see Materials and Methods) and used for in
vivo studies. These constructs, when transfected into HeLa
cells, should generate pre-mRNAs with virtually the same
size and nucleotide composition [except for the presence of
poly(A) tails] as the SP6 transcripts used for in vitro studies,
allowing for direct comparison of splicing pathways in vitro
and in vivo.

Figure 6 presents results of primer extension analysis of in
vivo-spliced RNA obtained after transient expression of
clones DUP171, DUP51, and DUP23 in transfected HeLa
cells. The electrophoretic mobilities of primer extension
products obtained for clones DUP171 (Fig. 6, lane 2) and
DUP51 (lane 3) suggested that endogenous precursors with
internal exons 171 and 51 nucleotides long, respectively, are

spliced in vivo via the regular pathway in which all three
exons are included in the mature product. This observation

1 2 3 4 5

FIG. 6. Analysis of splicing pathways in vivo. Total RNA iso-
lated from HeLa cells transfected with the DNA constructs indi-
cated above the lanes was analyzed by primer extension as de-
scribed in Materials and Methods. Structure of predicted templates
for reverse transcription and sizes (in nucleotides) of the corre-
sponding primer extension products are shown on the right. Lane 1
is a negative control carried out with RNA isolated from HeLa cells
electroporated without exogenous DNA. As a control, primer
extension products obtained on DUP23 pre-mRNA spliced in vitro
are shown in lane 5.

was further confirmed by direct sequence analysis of the
primer extension products (data not shown).

Analysis of the primer extension product for clone DUP23
revealed that, as in vitro, the 23-nucleotide-long internal
exon was skipped in vivo. This skipping is indicated by the
comigration of this extension product (Fig. 6, lane 4) with its
equivalent reverse transcribed on the in vitro-spliced DUP23
pre-mRNA (lane 5) and by its nucleotide sequence (not
shown). Even prolonged exposure of the autoradiogram did
not show any indication of the regular splicing pathway
proceeding by ligation of all three exons. We conclude that
skipping of short internal exons takes place in vivo as well as
in vitro, indicating that it is not an artifact of the in vitro
splicing reaction.

In vitro splicing of transcripts with a short internal exon and
a long uninterrupted poly(Y) tract in the upstream intron. The
fact that short exons are skipped in vitro and in vivo was
puzzling since a number of naturally occurring pre-mRNAs
contain internal exons even shorter than those present in our
model transcripts. For example, quail fast skeletal muscle
troponin I pre-mRNA contains a 7-nucleotide-long exon (4),
human renin pre-mRNA contains a 9-nucleotide-long exon
(27), chicken pro-alpha 2(I) collagen pre-mRNA contains 11-
and 18-nucleotide-long exons (2, 47), and rat fast skeletal
troponin T pre-mRNA contains seven exons in the 12- to
18-nucleotide range (6). Inspection of sequences in these

VOL . 1 l, 1991



6080 DOMINSKI AND KOLE

genes revealed that a number of these exons are preceded by
uninterrupted poly(Y) tracts ranging in length from 20 to 35
nucleotides, which are much longer than the 10 to 12
nucleotides postulated as a consensus length of this element
(28, 43). This observation and recent reports on the role of
the mammalian (11, 36) and yeast (34) poly(Y) sequences in
the selection of acceptor splice sites prompted us to test the
hypothesis that increasing the length of the poly(Y) tract in
the upstream intron of our constructs would promote utili-
zation of the internal 3' splice site and prevent exon skip-
ping. For these experiments, we selected clone DUP33 on
the basis of the assumption that the splicing pattem of
DUP33 pre-mRNA (exhibiting a small percentage of regular
splicing; Fig. 5, lane 5) results from a subtle balance between
both pathways and that this balance could be altered by
relatively small changes in the existing sequence elements.
To create long uninterrupted poly(Y) tracts in the up-

stream introns, we took advantage of the fact that within the
37 nucleotides between the 3' splice site and the branch point
adenine residue, only 6 are purine nucleotides. By oligonu-
cleotide-directed mutagenesis, we obtained five different
clones containing appropriate transversions of these purines
(Fig. 7A). Since we introduced only single base substitutions
within the existing poly(Y) tracts, the distances between the
splice sites remained unchanged, and it seems unlikely that
these alterations would cause any major changes in the
secondary structure of the transcribed RNA.
The pathways of in vitro splicing obtained for pre-mRNAs

transcribed from these clones are shown in Fig. 7B. Substi-
tution of all purines present in the original sequence, with the
exception of one adenine located at position 30, resulted in
an uninterrupted stretch of 28 pyrimidines directly adjacent
to the branch point sequence. We obtained two variant
clones with the same length and position of poly(Y) tract,
DUP33-Y5 and DUP33-Y5', differing only by the type of
pyrimidine (C or T) used to replace the purines (Fig. 7A).
Lanes 2 and 3 in Fig. 7B show the splicing pattern for
pre-mRNAs transcribed from these two clones. In contrast
to the pre-mRNA transcribed from the parental plasmid (Fig.
7B, lane 1), exon skipping is now almost completely re-
versed, as shown by the disappearance of the spliced prod-
uct containing only exons 1 and 3 and by the lack of
superlariat structures at the top of the gel. Furthermore,
these changes are accompanied by the accumulation of RNA
with the electrophoretic mobility predicted for the spliced
product containing all three exons and by the appearance of
the intermediates characteristic for a complex splicing path-
way of two-intronic precursors. Although quantitative dif-
ferences can be seen between the DUP33-Y5 and DUP33-
Y5' variants, both transcripts are now efficiently spliced via
a regular pathway, regardless of the specific nature of
pyrimidines used for substitution.

Substitution of 3 purine nucleotides at positions 17, 18,
and 22 downstream from the branch point or 2 two purine
nucleotides at positions 10 and 14 generated clones carrying
a 15-nucleotide-long uninterrupted poly(Y) tract located
either near the center of the sequence between the branch
point and the 3' splice junction (clone DUP33-Y3) or directly
adjacent to the branch point sequence (clone DUP33-Y2;
Fig. 7A). In vitro splicing of pre-mRNAs transcribed from
these constructs exhibited a partial change in splice site
selection (Fig. 7B, lanes 4 and 5). Both splicing pathways are
now operating, generating spliced products with and without
the internal exon at an approximately 1:1 ratio. In addition,
there appears to be a decrease in the overall yield of the final
spliced products.

Substitution of a single purine nucleotide 30 nucleotides
downstream from the branch point generated clone
DUP33-Y1 with a continuous 13-nucleotide-long poly(Y)
sequence adjacent to the invariant AG dinucleotide at the 3'
splice junction (Fig. 7A). Splicing of the pre-mRNA synthe-
sized from this clone revealed only a minor reversion of exon
skipping (Fig. 7B, lane 6), as shown by the presence of low
amounts of splicing intermediates characteristic for the
two-intron splicing pathway.

In vivo splicing of transcripts with a short internal exon and
an extended continuous poly(Y) tract in the upstream intron.
To determine whether elongation, of the uninterrupted
poly(Y) tract reverses exon skipping not only in vitro but
also in vivo, all constructs with modified poly(Y) tracts (see
Materials and Methods) were used for transfection of HeLa
cells. The splicing products generated during transient
expression in HeLa cells were analyzed by primer extension
as described above.
The results show that splicing of DUP33 pre-mRNA

proceeds in vivo by exon skipping (Fig. 8, lane 3). This is
demonstrated by comigration of its primer extension product
with the cDNA product obtained for in vivo-spliced DUP23
pre-mRNA (Fig. 8, lane 1), which undergoes skipping in
vitro and in vivo (Fig. 4 and 6, respectively). The size of the
primer extension product (291 nucleotides) obtained for all
but the DUP33-Y1 construct indicates that 28- or 15-nucle-
otide-long uninterrupted poly(Y) tracts in the upstream
intron reversed exon skipping in vivo and led to inclusion of
the 33-nucleotide exon in the spliced product (Fig. 8, lanes 4
to 7). DUP33-Y1 transcript containing a 13-nucleotide unin-
terrupted poly(Y) tract was spliced in vivo by the same
pathway as in vitro. The 33-nucleotide-long internal exon
was not included in the final product, as shown by generation
of a 258-nucleotide cDNA (Fig. 8, lane 8).

DISCUSSION

Comparison of splicing pathways for several pre-mRNAs
containing two identical introns and an internal exon ranging
in size from 23 to 171 nucleotides revealed that there is a
strong relationship between the length of this exon and the
utilization of the internal 3' and 5' splice sites. Skipping of
the internal exon was observed during in vitro splicing of
pre-mRNAs with internal exons 23, 29, and 33 nucleotides
long and to a limited extent for a pre-mRNA with a 51-
nucleotide exon. In contrast, exons containing 87, 104, and
171 nucleotides were included in the spliced product without
generation of detectable amounts of a skipping product.
Whenever exon skipping was observed, splicing proceeded
by formation of a superlariat structure with a branch point at
the regular position, 37 nucleotides upstream from the 3'
splice site, located within the downstream intron. Note that
because of the different endpoints of the internal deletions
(data not shown), the three pre-mRNAs which exhibited
exon skipping as a major splicing pathway differed partially
in the sequence of the central exon. Thus, in our model
transcripts, exon skipping does not seem to be promoted by
a change in a specific sequence within the internal exon.

Skipping of short internal exons is not an artifact of in
vitro splicing. The transient expression assays revealed that
internal exons 23 and 33 nucleotides long are skipped also in
vivo. It was previously proposed that progressive exposure
of endogenously synthesized RNAs to the nuclear environ-
ment favors correct splice site selection, i.e., pairing of a 5'
splice site with the next available 3' splice site (1). It
appears, however, that the principle of "first come-first
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A
1. DUP33

2. DUP33Y5

1 10 14 17 18 22 30
ACCTTTgCTggCaTTCCaICI
ACTCTCTCTgCCTaTT9gTCTaTTTCCCaC

10 14 171 22

AFTCTCTCTCCCrITTTCTCTTTTTTICC

10 14 1718 22
l,

3. DUP33Y5' ATCTCTCTTCCTCTTCT

17 18 22

4. DUP33Y3 ACTCTCTCTgCCTaGCTTCTCTTTOCC

10 14
I

5. DUP33Y2 AFTCTCTCTTCCTCT gTCTaTTTTCCCa'

30

6. DUP33YI ACTCTCTCTgCCTaTTggTCTaT CCZ

B
ur in e) N _
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-D (340)'
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FIG. 7. (A) Nucleotide sequence of the poly(Y) tract in the
parental DUP33 clone and in variant clones generated by site-
directed mutagenesis. All purines, located in the original poly(Y)
tract at positions 10, 14, 17, 18, 22, and 30 relative to the branch
point adenine, are shown in lowercase letters. The beginning of the
second exon and the position of the 3' splice site (3'ss) are shown.
Substitution of individual purines with cytosine or thymine nucleo-
tides leads to formation of uninterrupted pyrimidine stretches,
indicated by close boxes. (B) In vitro splicing reaction with pre-
mRNAs containing modified poly(Y) tracts. The pre-mRNAs tested

3'ss serve" does not apply to our model DUP23 and DUP33
'CCTTAG -pre-mRNAs.

Why are the short internal exons skipped both in vitro and
in vivo although they are preceded by sequence elements
identical to those in the downstream intron? It seems likely

LCCCTTAG that the failure to recognize short internal exons is due to the
juxtaposition of 3' and 5' splice sites flanking the internal
exon and consequent steric hindrance in the binding of the

aCCCTTAG GCT splicing factors to these sites. The idea that short internal
'---- exons cannot be efficiently spliced is also supported by

statistical data (17, 29, 48). In vertebrates, approximately
CtAG 85% of the 1,300 internal exons surveyed fall into the range
CCCTTAGjGC of 50 to 200 nucleotides in length. Internal exons shorter than

50 nucleotides are rare, constituting no more than 4% of all
internal exons (17).

CCCTTAGI Our results suggest that the improvement in the strength of
the internal 3' splice site provided by the long uninterrupted
poly(Y) tracts can minimize the steric hindrance effect and

:CCTXk, prevent exon skipping. This was clearly seen in vitro and in
vivo for clones with an uninterrupted poly(Y) tract contain-
ing 28 contiguous pyrimidines adjacent to the branch point.
The 15-nucleotide-long poly(Y) tract, whether immediately
adjacent to the branch point or located further downstream,
led to partial reversal of exon skipping in vitro and to
complete reversal during in vivo splicing. Exon skipping was
not reversed either in vitro or in vivo by the 13-nucleotide-

03)* long poly(Y) tract adjacent to the 3' splice site. Although
skipping reversal apparently depends strongly on the length
of the uninterrupted poly(Y) tract, a positional component
may also play some role since the shortest tract was also the
one closest to the 3' splice site. The latter result is consistent
with the observation that purines inserted close to the
invariant AG dinucleotide in the 3' splice site had a smaller
effect than those close to the branch point on the utilization
of the splice site (36). Skipping of short exons seems also to
be reversible by the increase in the concentration of the

(661) splicing factors. This is seen by a shift toward exon inclusion
during splicing of DUP51, DUP33-Y3, and DUP33-Y2 pre-
mRNAs in vivo, presumably as a result of high local con-
centrations of the splicing factors in intact nuclei. For

31) DUP51 pre-mRNA, we have also observed that the balance
between fully spliced or skipped products can be affected in
vitro by the concentration of the extracts (not shown).
Effects of the concentration of the extracts or purified
splicing factors on splice site selection have been reported
elsewhere (16, 19, 38).
Are the long uninterrupted poly(Y) tracts the only se-

quence elements that prevent skipping of short internal
exons? Although, as mentioned earlier, a number of short
exons are preceded by long uninterrupted poly(Y) tracts,
there are several short internal exons that do not share this
characteristic (2, 6, 47). Other sequence elements may play
a role in these pre-mRNAs, as suggested by the recent
observations that mutations in the internal 5' splice site
affect splicing of the adjacent upstream exon in various
pre-mRNAs (23, 40, 46).

Nevertheless, it should be stressed that the substitution of

are indicated above the lanes. Splicing was carried out in HeLa cell
nuclear extract for 100 min, and the RNA was isolated and analyzed
on an 8% polyacrylamide sequencing gel. Structure of the products
and intermediates are either depicted at the right or illustrated in
Fig. 2B. Splicing of the parental pre-mRNA, DUP33 is shown in lane
1. Sizes are indicated in nucleotides.
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